Metallic lightweight materials are used for enhancing dynamic range, resource optimization and emission reduction in many fields of traffic engineering, whereby aluminium and magnesium components are manufactured by means of welded, adhesive and screw joints. Friction drilling, as forming process with subsequent manufacturing of threads, offers the opportunity to produce an internal thread in lightweight profiles with a usable thread depth larger than the profile thickness, making use of local material expansion. Moreover, the direct manufacturing offers a huge potential for time and cost saving in comparison to conventional thread machining. Microscopic-based characterization of mechanical properties of aluminium AlSi10Mg and magnesium AZ31 internal threads in thin-walled profile specimens was carried out using tensile tests and fatigue tests in tensile loading range. The internal threads were chipless manufactured by means of thread forming. Variations in the geometric process parameter wall thickness were compared. Differences between the AlSi10Mg chill casting alloy and the AZ31 continuous casting alloy in maximum tolerable loads and fatigue limits were correlated with the production-related profile qualities of the profile specimens. The maximum tolerable loads increase linearly with increasing wall thickness of the specimens, whereby AlSi10Mg specimens were about 20-24% lower in the quasi-static range and about 37-47% lower in the cyclic range in comparison to AZ31 specimens due to oval forms of the core holes caused by the friction drilling process. Plastic strain behavior and deformation-induced changes in temperature in load increase tests were evaluated to reliably estimate the fatigue limit of magnesium AZ31 internal threads.
Introduction
Aluminum and magnesium alloys have been established for saving material, energy and costs as well as for weight reduction of components and are used in many fields of technical engineering, especially in automotive industry, as mentioned in Hirsch (2011) . The various advantages that accrued are, e.g., carriages of relative high cargo loads with low vehicle weights and high maximum velocities with reduced fuel consumption. By reducing the weight of specific components, the functionality must be obtained. Therefore, aluminium and magnesium alloys are often used, that ensure high stiffness at minimal weight. Aluminum and magnesium alloys provide various application possibilities due to their low density and good casting and machining behavior. Friction drilling processes are used to generate high strength threads in lightweight profiles, as investigated in Miller et al. (2005) and (2006), whereby a fast rotating tool penetrates perpendicular into the profile wall, whereby bushings are formed chipless in feed direction without additional material input, as described in Engbert et al. (2010) . Subsequently, heavy duty threads with increased usable thread depths can be generated chipless by means of thread forming so that more flanks of the internal thread are usable, as investigated in Engbert et al. (2010) . Furthermore, a newly developed applicability of the friction drilling process to generate sustainable internal threads is the machining of the cross-sectional area of thin-walled profiles. This contribution deals with the qualitative comparison of the mechanical properties of internal threads manufactured by means of the new method of friction drilling. The aim is the characterization of the quasi-static and cyclic deformation behavior of internal threads from AlSi10Mg chill casting alloy and AZ31 continuous casting alloy and the behavior correlation with the profile qualities.
Materials and Specimen Preparation
The chemical compositions of AlSi10Mg and AZ31 alloys used for specimen preparation are given in Table 1 . The values were determined by an energy dispersive X-ray fluorescence spectrometer (Shimadzu). The limiting values for alloying elements and impurities, respectively, are also given as reference according to DIN EN 1706 and DIN 1729-1, respectively. All elements are in the range according to the standards except magnesium and silicon, whose values for AlSi10Mg are out of the given limits. Fig. 1 illustrates the microstructures of AlSi10Mg (a) and AZ31 (b) flat profile specimens before manufacturing as crosssectional light micrographs. AlSi10Mg shows a typical microstructure of a hypoeutectic Al-Si cast alloy with acicular eutectic silicon (dark grey parts) distributed in the α-Al matrix (light grey parts), as described in Ibrahim et al. (2016) . Furthermore, blow holes can be observed in the matrix (black parts). The microstructure of AZ31 consists of primary α-Mg matrix (light grey parts) and eutectic precipitates of α-Mg and β-Mg 17 Al 12 phase, as reported in Zhang et al. (2007) for nonequilibrium cast structure of Mg-Al-Zn alloys.
The manufacturing of the internal threads was carried out by the Institute of Machining Technology (ISF) of TU Dortmund University. The core holes and M6 internal threads were drilled on a machining center (Grob, BZ 40 CS) with three synchronic axes, a CNC path control system (Siemens, Sinumerik 840D) and a horizontally arranged main spindle with a maximum rotational speed of n = 24,000 min -1 including a tool holder system (HSK 63). A peripheral speed of v u = 100 m/min and a feed speed of v f = 100 mm/min were used for the friction drilling process in flat profile specimens. The nominal diameter of the subsequent manufactured threads was d = 6 mm and the wall thicknesses of the specimens varied from t = 4 to 8 mm. Thread forming was conducted with a peripheral speed of v c = 40 m/min, whereby the feed was determined by the control. The used geometry for flat profile specimens including the position of the M6 internal thread is schematically shown in Fig. 2 for AlSi10Mg (a) and AZ31 (b) specimens with a wall thickness of t = 5 mm. The AZ31 flat profile specimens had smaller dimensions due to the dimensions of the as-cast continuous casted sheet (8.5 mm-thick and 40 mm-wide), whereby the nominal geometry of the friction drilled threads were equivalent.
Testing Strategy and Experimental Setup
The mechanical properties of internal threads in flat profile specimens were investigated to characterize the influence of different process parameters for the manufacturing technique thread forming on the quasi-static and cyclic deformation behavior. Tensile tests and fatigue tests in form of continuous load increase tests in tensile load range were performed and microstructurally evaluated. The fatigue strength of internal threads was estimated in continuous load increase tests by the determination of the transition from nearly steady to significantly increasing materials response values (see Fig. 5 ), as investigated in previous works by Wittke et al. (2015) for friction drilled internal threads in aluminium wrought alloys and Wittke et al. (2016) for a creep-resistant magnesium alloy. The maximum loads determined in quasi-static and cyclic investigations, respectively, were compared to quantify the process parameter-related influences on the mechanical properties of the manufactured specimens. After the mechanical investigations, the results were correlated with the profile qualities at initial condition, i. e., after manufacturing and before mechanical testing.
The mechanical investigations were carried out at room temperature on a servohydraulic fatigue testing system (Schenck PC63M, with Instron 8800 control unit) with a maximum load of 63 kN. A mechanical extensometer was applied to the specimen's surface for strain measurement (l 0 = 27 mm). A threaded steel rod M6 in strength class 12.9 was used as counter thread. The aluminum and magnesium specimens, respectively, were connected with a steel counter holder to the threaded rod. The threaded rod was screwed four turns into the test specimen, whereby a defined screw-in depth of H = 4 mm was realized. The experimental setup for the mechanical investigations is illustrated in Fig. 3a The tensile tests were carried out strain-controlled with a deformation rate of ε = 2.5•10 -4 s -1 until the abort criteria F ac = 5% F max , i. e. 95% loss of maximum force F max , and ε max = 3.5%, respectively, were reached. In continuous load increase tests (LIT) the specimens were loaded with sinusoidal load-time functions at a load ratio of R = 0.1 and a frequency of f = 10 Hz. The tests were started at the quasi-damage-free load level F max,start = 0.5 kN and the load was continuously increased by dF max /dN = 0.5 kN/10 4 until failure. Deformation-induced changes in strain, temperature and electrical resistance were determined load-and cycle-dependently as material responses, based on investigations from Ebel-Wolf et al. (2007) and Walther (2014) . The specimens were assembled analogous to the tensile test, whereby the mechanical extensometer was used to measure fatigue-related strain parameters. Furthermore, an alternate current (AC) potential probe (Matelect) was applied to measure the potential drop (fourpoint measurement). To measure the change in temperature K-type miniature-thermocouples were utilized, whereby the junctions were installed through drilled holes and milled notches in the threaded rod to get access to the stressed areas of the thread flanks (Fig. 3b) . 
Results

Quasi-Static Investigations
a b Fig. 4. (a) Force-total strain diagrams of specimens with wall thickness t = 5 mm; (b) correlation between maximum forces determined in tensile tests and wall thickness of specimens.
The maximum forces F max were determined in quasi-static tensile tests. The force-total strain diagrams for specimens with wall thickness t = 5 mm are illustrated in Fig. 4a . The slopes of the curves are quite similar for AlSi10Mg and AZ31. A linear force-total strain slope is followed by reaching maximum force with increasing total strain and then a force decrease until fracture. The correlations between the maximum forces determined in tensile tests and wall thicknesses of specimens are illustrated in form of dot plots in Fig. 4b with linear regression trendlines. The values for AlSi10Mg specimens are about 20-24% less than those in AZ31 specimens. In this context, the maximum forces increase with increasing wall thickness according to F max,AlSi10Mg = 0.21 t + 4.22 (r = 0.99) and F max,AZ31 = 0.40 t + 4.55 (r = 0.99), respectively. Fig. 5a shows an example of a continuous load increase test (LIT) with an AZ31 specimen and wall thickness t = 8 mm. The force amplitude F a and the maximum force F max , respectively, the plastic strain amplitude ε a,p determined from stress-strain hysteresis loops and the deformation-induced change in temperature ΔT based on microstructural changes are plotted as functions of the load cycles N. The change in electrical potential is not plotted. The position of the applied sensors is schematically shown in Fig. 5b . Starting at the quasi-damage-free load F max,start = 0.5 kN, the force was continuously increased with dF max /dN = 0.5 kN/10 4 until failure. The plastic strain amplitude increases linearly with load cycles until about N = 8•10 4 which corresponds to maximum force F max = 4.5 kN, followed by an exponential course until failure at F max,f = 5.3 kN after N f = 9.6•10 4 cycles. The change in temperature ΔT shows values nearby zero until about N = 4•10 4 , followed by a slight increase until about N = 8•10 4 cycles followed by an exponential course until failure, similar to plastic strain amplitude. The fatigue limit F a,e (LIT) was estimated as the force amplitude that leads to a significant change of the materials reaction. The estimated fatigue limit at N = 10 7 cycles for a friction drilled internal thread in a flat profile with wall thickness t = 8 mm was F a,e (LIT) = 2.0 kN at R = 0.1, which is about 84% from failure force amplitude F a,f = 2.4 kN. a b The correlations between the maximum forces at failure determined in continuous load increase tests and wall thicknesses of specimens are illustrated in form of dot plots in Fig. 6 with linear regression trendlines. The values for AlSi10Mg specimens are about 37-47% less than those in AZ31 specimens. In this context, the maximum forces increase with increasing wall thickness of the specimens according to F max,f,AlSi10Mg = 0.29 t + 1.00 (r = 0.98) and F max,f,AZ31 = 0.42 t + 2.09 (r = 0.94), respectively. Fig. 6 . Correlation between maximum forces at failure determined in continuous load increase tests and wall thickness of specimens.
Cyclic Investigations
Microscopic Investigations
The profile qualities of internal threads in initial condition, i. e. after manufacturing and before testing, were microscopically investigated for correlation approaches with the determined mechanical properties of the different materials. AlSi10Mg specimens showed lower tolerable loads compared to AZ31 specimens, due to oval forms of the core holes caused by friction drilling process. Fig. 7 shows the dimensions of the internal threads for specimens with wall thickness t = 5 mm. The diameters of the threads were measured lengthwisely and crosswisely. The crosswise diameter (6.72 mm) of the AlSi10Mg specimen was about 13% higher in contrast to its lengthwise diameter (5.93 mm) ( Fig. 7a ), whereas the difference between lengthwise and crosswise diameter for the AZ31 specimen was negligibly small (about 2%) (Fig. 7b ). a b Fig. 7 . Dimensions of internal threads at initial condition (t = 5 mm); (a) AlSi10Mg; b) AZ31. Fig. 8 shows the profile qualities of internal threads at initial condition for AlSi10Mg (a) and AZ31 (b) specimens with wall thickness t = 5 mm in longitudinal sections. The threads showed characteristic claw shapes, whereby the claws from the AZ31 specimen were nearly closed. For both specimens rugged surfaces along the formed thread crests can be observed, whereby the first four to five crests from the AlSi10Mg specimen showed incompletely manufactured turns in crosswise direction due to the oval forms of the core holes. Investigations concerning the specimen surfaces after continuous load increase tests show different behaviors of the materials in terms of failure mechanisms. On the surface of the AlSi10Mg specimen (Fig. 9a ) no change in contrast to the as-manufactured condition can be observed, whereas cracks on both sides of the AZ31 specimen were formed (Fig. 9b ). The cracks start at a distance of about 4 mm from the border of the specimen which corresponds to the screw-in depth of the threaded rod. As a result of this, the applied miniature-thermocouples can be used for measuring deformation-induced changes in temperature in AZ31 specimens for estimating the fatigue limits. a b Fig. 9 . Specimen surface after continuous load increase test (t = 5 mm); (a) AlSi10Mg; (b) AZ31.
Conclusions and Outlook
For the determination of characteristic quasi-static and cyclic mechanical parameters of internal threads manufactured by friction drilling and subsequent thread forming in thin-walled AlSi10Mg chill casting alloy and AZ31 continuous casting alloy, test setups with optimized sensor systems were successfully developed. For plastic strain amplitude measurements in fatigue tests a mechanical extensometer was used and for measuring deformationinduced changes in temperature miniature-thermocouples were accessed to the stressed areas of the thread flanks. Due to oval forms of the core holes caused by the friction drilling process, AlSi10Mg specimens could only tolerate lower maximum loads in contrast to AZ31 specimens. The maximum tolerable loads increase linearly with increasing wall thickness of the specimens, whereby AlSi10Mg specimens were about 20-24% lower in the quasistatic range and about 37-47% lower in the cyclic range in comparison to AZ31 specimens. The fatigue limit could be reliably estimated in continuous load increase tests by means of plastic strain amplitude and change of temperature. The results provide the basis for further studies, e. g. to analyze the influence of microstructure on the mechanical properties of internal threads. For a detailed characterization of the microstructural changes in fatigue tests, additional sensors should be applied, e. g. thermocamera and digital image correlation. Moreover, the estimated fatigue limits are to be validated in constant amplitude tests until 10 7 cycles. To compare the different failure mechanisms during and after mechanical loading, computed tomography investigations before and after the tests and in defined stress conditions would be conceivable.
